Seafood, including finfish, shellfish, and seaweed, is the largest contributor to arsenic (As) exposure in many human populations. In contrast to the predominance of inorganic As in water and many terrestrial foods, As in marine-derived foods is present primarily in the form of organic compounds. To date, human exposure and toxicological assessments have focused on inorganic As, while organic As has generally been considered to be non-toxic. However, the high concentrations of organic As in seafood, as well as the often complex As speciation, can lead to complications in assessing As exposure from diet.
Introduction
Seafood has been identified as the major source of arsenic (As) for many human populations (WHO-IARC 2011) , with concentrations in many fish and shellfish vastly exceeding those in most terrestrial foods. In marine foods, As is usually present primarily in the form of organic compounds (Edmonds and Francesconi 1993 , EFSA 2014 . Currently guidelines for As exposure only exist for inorganic As (iAs) (EFSA 2009 , WHO-IARC 2011 , FDA 2016 , which is the major form of As in drinking water, and can be present at appreciable levels in rice eg. (Williams et al. 2005, Davis et al. this issue) and a limited number of other food sources . Current reference doses for iAs are based on studies of high exposure from contaminated drinking water sources, but more recent studies have found effects of iAs from lower drinking water concentrations and from food (Heck et al. 2009 , Davis et al. 2015 , Baris et al. 2016 , Gilbert-Diamond et al. 2016 .
Regulators are now focusing on identifying the impacts of As at concentrations relevant to those populations without a specific contaminant source of As (NRC 2014) .
Arsenobetaine (AB), the major As species in most fish, is non-toxic and not metabolized. Other more complex organic As compounds in the form of arsenosugars and arsenolipids (AsSugars and AsLipids), are also present at significant quantities in some types of seafood, and have been shown to be taken up and metabolized in humans. These classes of As compounds produce the same urinary metabolite as iAs, namely dimethylarsinate (DMA), therefore their presence in diet could be confounding to studies of iAs using biomarkers such as urine and blood, or in studies evaluating the contribution of other dietary sources to biomarker concentrations of As. Recent findings have also shown that some forms of organic As and their intermediate metabolites display cytotoxicity in cell cultures , suggesting that further studies of toxicity and metabolic pathway are needed (Carlin et al. 2015 , Molin et al. 2015 . In this paper, we 2011). There are so far at least 20 known AsSugar compounds, of which four (see Fig. 1 -AsSugars -Gly, -PO 4 , -SO 3 & -SO 4 ) are by far the most widespread in marine organisms.
The concentrations and proportions of different AsSugars in seaweed vary with taxa (Lai et al. 1997 , Van Hulle et al. 2002 , Šlejkovec et al. 2006 . No biological function for AsSugar has so far been elucidated, just as their exact bio-synthesis is still unknown. None of the enzymes involved in the attachment of the ribose-moiety to DMA have been identified, although it is highly likely that the methyl groups and ribose moiety attached to As are provided by S-adenosylmethionine (SAM) Francesconi 1987, de Bettencourt et al. 2011) . It has been shown that AsSugars are directly synthesized by phytoplankton , Foster et al. 2008 , 2013 , Duncan et al. 2014 ) and the brown macroalgae Fucus serratus (Geiszinger et al. 2001) .
AsSugars have also been found in deep sea vent mussels (Larsen et al. 1997 , Taylor et al. 2012 , which suggests a bacterial source of these compounds. However, neither the Fucusassociated fungi Fusarium oxysporum meloni isolated from Fucus gardneri (Granchinho et al. 2002) , nor the culturable bacteria associated with unicellular phytoplankton cultures (Duncan et al. 2014) , were found to transform As species.
Arsenobetaine
Arsenobetaine is the major As species in most finfish and shellfish. AB is also found in zooplankton , Takeuchi et al. 2005 and some algae at the base of the foodweb, but its presence in algae might possibly be due to epiphytic plankton or bacteria on the surface of marine flora (Thomson et al. 2007 ). In bivalve molluscs, which have complex As speciation, AB can be a significant portion of water soluble As , Moreda-Piñeiro et al. 2010 , whereas in cephalopods (Suner et al. 2002) and crustaceans, which have much simpler As speciation, AB is the dominant species , Hunter et al. 1998 , Francesconi et al. 1999 . In finfish As is also predominantly AB, although AsLipids can be a significant fraction in some oily fish (Taleshi et al. 2010 .
Arsenobetaine is an As analog of the amino acid derivative, trimethylglycine (glycine betaine), and is highly stable to breakdown or metabolism. The source of AB in the foodweb is unclear, and there are a number of theories about the biosynthetic pathway of AB formation (Caumette et al. 2012) . One possible pathway is via the oxidation of arsenocholine (AC) following breakdown of the trimethylated AsSugar species. These compounds, however, are usually present at such low concentrations that it is difficult to perceive them as precursors to the abundant AB. The breakdown products of AsSugar, especially dimethyl arsenoethanol (DMAE) may well serve as a substrate for methyltransferase enzymes normally involved in glycine betaine synthesis in some archeae (Nyyssola et al. 2000) ; a problem with this pathway is that it seems to be limited to archeae and plants, whereas most microbes and all animals are not able to synthesize choline itself (Caspi et al.) . such as mushrooms . Whatever the source of AB, its predominance in seafood is probably due to its similarity to the important osmolyte, glycine betaine, which translates into AB being bioaccumulated from dietary sources. Experimentally, AB has been shown to be efficiently absorbed from seawater by mussels (Francesconi et al. 1999 , Saeki et al. 2000 , whereas shrimp (Cai et al. 2000) and fish (Francesconi et al. 1989, Amlund and Berntssen 2004) accumulate AB efficiently only from food. AB is not bio-synthesized by fish when fed possible AB precursors DMAE or dimethyl arsenoacetate (DMAA) (Francesconi et al. 1989 ). In mussels, the retention of AB seems to depend on the salinity of their surrounding water (Clowes and Francesconi 2004) supporting the idea that AB can mimic an osmolyte. Similarly, a trend in increasing total As with salinity was observed across three species of pelagic fish, where AB is expected to be the dominant As species, also suggesting AB uptake and retention is related to salinity (Larsen and Francesconi 2003) .
Arsenolipids
Another group of As compounds in seafood are AsLipids, which include fatty acids (AsFA), hydrocarbons (AsHC), and glycophospholipids (AsPL). As-containing alcohols, phosphatidylcholines and phosphatidylethanolamines have also been identified, but currently the characterization of AsLipid compounds is far from complete. There is very little information on the distribution of AsLipids in seafood, but these compounds are generally associated with oily fish and fish oils. In brown algae, AsLipids, mostly as AsPL and AsHC, have been reported to constitute 1.6-6.7% of As, and proportions may vary with taxa . A single sample of squid showed no measurable AsLipid fraction in the muscle, although lipid soluble As was detected in organs (Ninh et al. 2007 ). Concentrations of AsLipids are higher in pelagic than demersal fish ) and levels of 50-62% have been observed in filet of oily fish (Taleshi et al. 2010 . The relative amounts of AsHC and AsFA in fish may depend on the amount of lipophilic As present, with AsHC present in fish with higher AsLipid concentrations (Amayo et al. 2014 ).
Lipophilic As compounds in marine organisms were first investigated by Lunde (Lunde 1968) , although their actual molecular structures remained unknown for a long time . The first identified AsLipid was dipalmitoylglycerophospho-2hydroxypropyl-5-deoxy-5-(dimethylarsinoyl)-beta-ribofuranoside in the brown alga, Unidaria pinnatifida . The structures of further members of this phospholipid family (AsPL) were only identified in recent years in seaweeds (García-Salgado et al. 2012 . Research so far on several seaweeds points to AsPL958 (an As phospholipid with molecular mass 958 Da) being the dominant member of this family. These compounds are most likely esters of AsSugarPO 4 whereby they enter the phospholipid bio-synthetic pathway, but no details are yet known about their synthesis or their possible biological role.
AsHC compounds have been found in seaweed (García-Salgado et al. 2012 ) and in oily fish like capelin (Taleshi et al. 2008 , Sele et al. 2013 . They are likely formed by a biosynthetic pathway different from that for AsPL (Viczek et al. 2016 ) and may either be metabolic products or precursors of the AsFAs, which have only been identified in finfish . The members of these groups identified so far contain the dimethylarsinoyl-group and a carbon-chain of variable length and degree of saturation. A number of possible biosynthetic routes suggested for their production were summarized by Sele et al (Sele et al. 2012) . Whether AsHC and AsFA play any biological role is not yet known.
AsLipid compounds containing AC, DMA and iAs groups have also been hypothesized based on identification of their water-soluble hydrolysis products , Lai et al. 1998 . So far these AsLipids have been found in lobsters, houndshark and squid (Edmonds et al. 1992 , Hanaoka et al. 1999 , Ninh et al. 2007 . Recently five As-containing phosphatidylcholines and an As phosphatidylethanolamine compound were identified in fish roe, and are suggested to be analogs of phosphatidyl compounds found in cell membranes (Viczek et al. 2016 ).
Inorganic As
While iAs is not a focus of this paper, its presence is considered as a component of As exposure from seafood. Regulations for iAs seafood as a food source and for use in animal feed were recently reviewed in detail (Petursdottir et al. 2015) . Concentrations of iAs are negligible in most seafoods. However, the brown algae, hijiki (Sargassum fusiforme), an edible seaweed used extensively in Asian cooking, is well-documented as having high amounts of total As, the majority of which is in inorganic form , Almela et al. 2006 , Hirata and Toshimitsu 2007 , Rose et al. 2007 . Some samples of other species of brown algae have also been found to contain high proportions of iAs, suggesting more monitoring is needed , Llorente-Mirandes et al. 2011 , Maulvault et al. 2015 .
Whereas taxa affects the proportion of iAs present in seaweed, elevated levels of iAs in bivalves and gastropods have been reported at some sites (Sloth and Julshamn 2008 , Whaley-Martin et al. 2012 , Whaley-Martin et al. 2013 , and have recently been the source of consumption guidelines in the Pacific US (OHA 2015) . Elevated iAs body burdens may correspond to augmented As in sediments and the water column, depending on the organisms' feeding mechanism, and can be caused by proximity to a point source of contamination (Lorenzana et al. 2009 , Whaley-Martin et al. 2012 . Conversely, levels of organic As in seafood are not affected by contaminated sites (Whaley-Martin et al. 2012) . Pelagic fish, which generally have a low proportion of iAs (Julshamn et al. 2012 ) tend not to accumulate higher concentrations of total As from areas with elevated As, whereas benthicfeeding organisms can accrue increased concentrations of iAs (Lorenzana et al. 2009 ). Compared with organic As, efforts to assess iAs exposure from seafood have become more frequent, but there remains significant uncertainty in predicting iAs levels in different marine-sourced foods (EFSA 2014 , Lynch et al. 2014 , again suggesting routine monitoring is needed.
Methylated As compounds
Methylated As compounds are present in marine ecosystems from enzymatic methylation of iAs to form compounds containing 1-4 methyl groups. These compounds generally occur as minor As species in seafood, with DMA being the most prominent. Molluscs can contain DMA at higher proportions (3-46%) than are typically seen in finfish or algae (Fricke et al. 2004 , Cleland et al. 2009 , Moreda-Piñeiro et al. 2010 , Whaley-Martin et al. 2012 . Monomethyl As (MA) is uncommon in marine environments and is generally present in trace amounts only. The trimethylated form, TMAO, another minor compound, has so far not been found in seaweeds but can occur in higher concentrations in some fish species (Kirby and Maher 2002, de la Calle et al. 2011) . High percentages of tetramethyl arsonium (TETRA) have been found in clams (Shiomi et al. 1987 ) and gastropods (Francesconi et al. 1988 ).
The bio-synthetic pathway from iAs to TMAO has been studied extensively in fungi (Challenger 1945) and involves reduction of the pentavalent As followed by oxidative methylation with the methyl-group being contributed by SAM (Cullen 2014) . Some of the enzymes involved have been identified also in mammals (Aposhian et al. 2004) . For marine organisms, the involvement of SAM in the methylation of As has been directly shown for the alga Polyphysa peniculus using CD 3 -labeled SAM . None of the enzymes involved has been identified so far, but there is no reason to assume that the biosynthetic pathway up to DMA or TMAO is different between terrestrial fungi and marine organisms.
Other minor As compounds include AC which is rarely found in seafood, probably because it is effectively metabolized to AB (Francesconi et al. 1989) , although it is a major arsenical in some sea anemones (Ninh et al. 2008 ) and species of jelly fish (Hanaoka et al. 2001 ). The methylated compounds DMAE, DMAA and dimethyl arsenopropionate (DMAPr) can be minor constituents of marine organisms (Sloth et al. 2005) , but are discussed further as products of mammalian metabolism of AsSugars and AsLipids (Feldmann et al. 2000 ). Several of As compounds can also occur as thiol analogs, where sulfur replaces the oxygen atom. While these compounds have been observed in seaweeds and invertebrates (Schmeisser et al. 2004 , Kahn et al. 2005 ), they will be also be discussed further as metabolites of the oxo-As compounds (Section 5).
"Residual" As
A residual, non-extractable fraction often remains following speciation analysis, and can contain a significant proportion of total As in some samples (Leufroy et al. 2012 , Petursdottir et al. 2016 . The form of As in this fraction remains unclear. Seaweeds can contain variable amounts of un-extractable or residual As (Lai et al. 1998 , van Elteren et al. 2007 , Petursdottir et al. 2016 , which is thought to be bound to thiolcontaining structural compounds (Thomson et al. 2007 ). Molluscs frequently have high levels of residual As (8-58%; (Fricke et al. 2004 , Whaley-Martin et al. 2012 ), and while As in crustaceans is mostly water soluble, the residual fraction can also be significant (9-17% ). In mussels, the residual fraction was identified as predominantly As-S compounds, suggesting this to be a metallothioneinrich protein-bound fraction rather than a lipid fraction (Whaley-Martin et al. 2012 ). Very little is known about the metabolic fate of protein-bound As when consumed.
Effects of cooking and processing
The effects of cooking and canning, common to storage and preparation of seafood on organic As concentrations are also not well studied. Freezing and storage were observed to cause decreases in AB and total As in mussels but not finfish (Dahl et al. 2010) . Loss of water during cooking can lead to an increase in concentration in total As or iAs in some seafood types (Devesa et al. 2005) , whereas a loss of soluble As from seaweed has also been observed (Devesa et al. 2008) . Heating has been associated with the transformation of AB to TETRA (Devesa et al. 2001 , Dahl et al. 2010 , but there is little information on transformation of other organic As species.
Intake of organic As from seafood

Consumption patterns
Globally, the highest consumers of seafood are populations from Iceland, Maldives and Japan (FAOSTAT 2012 , Micha et al. 2015 , while parts of Scandinavia, the North Baltics and Southeast Asia are also high consumers (Sioen et al. 2009 ). Japan and Korea are high consumers of pelagic fish and shellfish (mollusks, and crustaceans), whereas pelagic and demersal fish are highest in the North Baltics, and shellfish consumption is a major source of seafood in Southeast Asia (Sioen et al. 2009 ). Seaweed has highly variable consumption rates between countries, and likely between ethnic sub-populations. Seaweed is a staple in Japan, Korea and China, and consumption rates in Japan have been estimated as high as ~ 20g wet wt. per day (Yamauchi et al. 1992) , with a shift in the prominent type of seaweed consumed from kombu, which can have higher iAs concentrations (EFSA 2014), to wakame and nori (Zava and Zava 2011) .
The USA and Western Europe are medium consumers of seafood on a global scale (FAOSTAT 2012), yet seafood consumption is estimated to account for 90% of total As exposure in the U.S. (U.S. F.D. A. 1993) . Variation between sub-populations is large, both in terms of total consumption and seafood type. Sex, age and proximity to the coast influence fish consumption, and ethnicity plays a major role in consumption rates, with the "Other" category of ethnicity, which includes Asians, Native Americans, Pacific and Caribbean Islanders and mixed races, having the highest consumption of fish and shellfish (Mahaffey et al. 2004 
The consumption of different classes of seafood from several countries with varying diets is shown in Fig. 2B . Hypothetical intake of As species by different consumer groups was then estimated in Fig. 2C , based on median seafood concentrations and estimates of As species distribution (Fig 2A) . Exposure is also affected by the concentrations of organic As species in seafood. Concentrations of total As varied by greater than two orders of magnitude for most of the seafood types (EFSA 2009), and the distribution of As species can also vary. Intakes were compared using estimates of augmented iAs reported in mussels (Sloth and Julshamn 2008) , and of higher AsLipid concentrations found in oily pelagic fish (Taleshi et al. 2010 ) compared with median estimates (Fig. 3 ). The effect of these reported As species concentrations on intake suggests further evaluation of As in seafood is needed.
Evidence of exposure from biomarkers
Despite a lack of complete speciation data across seafood types for estimating exposure, indirect evidence for the presence of organic As compounds in food comes from urinary biomarkers. While AB has been shown to pass through the body rapidly and unchanged, both AsLipids and AsSugars break down to form DMA as the major metabolite in urine (Fig. 4 ). Feeding studies have found DMA to be the most abundant form of As in urine following repeated ingestion of seaweed, shellfish, and fish, although individual variability is high (Choi et al. 2010) . In a series of studies where 3 types of seafood (cod, salmon and mussels) were consumed, urinary total As, AB, and DMA concentrations were elevated following consumption , Molin et al. 2014 , as was MA for the mussel consumption group (Molin et al. 2014) . While urinary DMA is also a product of iAs metabolism, low levels of iAs in the test meals confirmed organic As to be the major source of the DMA metabolite in these studies. Similarly, concentrations of DMA in urine were found to increase substantially following herring consumption, with total DMA excretion reaching 6 times the amount consumed, again suggesting the remainder came from breakdown of organic As (Heinrich-Ramm et al. 2002) .
Several population studies have found recent seafood consumption to be a predictor of elevated urinary As (Cleland et al. 2009 , Navas-Acien et al. 2011 , Birgisdottir et al. 2013 , Calderon et al. 2013 , Fort et al. 2014 ). Elevated urinary AB was observed with seafood consumption (Caldwell et al. 2009 )(Navas-Acien et al. 2011), which is expected as it is the major component of As in most seafood. Increases in urinary DMA have also been associated with seafood consumption in some studies (Buchet et al. 1996 , Navas-Acien et al. 2011 , Lovreglio et al. 2012 . Shellfish consumption was linked with increased total urinary As, as well as DMA, MA and iAs in a population of high seafood consumers (Soleo et al. 2008) . In a large National Health and Nutrition Examination Survey (NHANES) study of U.S. populations, both DMA and, to a lesser extent, MA, were found to correlate with AB in urine, suggesting a seafood source of the methylated compounds (Aylward et al. 2014) . While seafood type was not specified in that analysis, tuna, salmon and shrimp are the most highly consumed seafoods in the U.S. (NOAA 2010). Because AsSugar concentrations are expected to be low in these marine species, AsLipid metabolism may be the source of urinary DMA.
Because DMA is also used as a biomarker for studies of iAs exposure, the presence of urinary DMA from the breakdown of organic As in vivo is confounding to these studies (Aylward et al. 2014) . Metabolic studies, based on a small number of samples, have suggested the presence of minor As compounds in urine following AsSugar (DMAA, DMAE) ) and AsLipid (DMAPr) intake. Neither recent nor habitual seafood consumption, were associated with speciated urinary As or toenail As in a population with a wide range of drinking water As from Nevada (Calderon et al. 2013) . Likewise, neither current seafood or seaweed consumption were associated with toenail As in a Japanese population (Tabata et al. 2006) . However, studies of recent exposure would not necessarily be expected to find association with a long-term biomarker such as toenails. In an analysis from NHANES data, 24 hour recall of fish and shellfish was associated with urinary As species including DMA . Additionally, dark fish meat intake based on a food frequency questionnaire was positive related to toenail As in a population-based study from New Hampshire (Cottingham et al. 2013 ) and a study from Michigan (Slotnick et al. 2008 ). In a pilot study from Puerto Rico, nail As more so than hair or urine As was related to seafood consumption (Mansilla-Rivera et al. 2014) . Elevated total As in urine and blood (Birgisdottir et al. 2013) and maternal blood, infant cord blood and breast milk (Miklavcic et al. 2013 ) also have been associated with high seafood consumption. Further studies are needed to better characterize biomarker concentrations of arsenic compounds in fish and seafood particularly the AsSugars and AsLipids.
Analytical/monitoring considerations
Shortcomings in evaluating exposure to organic As in seafood are largely due to analytical complications in reliably determining the complex distribution of As species in some of these samples. Complete reviews of As speciation techniques have been reported elsewhere , Tyson 2013 , Maher et al. 2015 ; here, we focus on the issues most relevant to determining organic As species in seafood. Speciation analysis for organic As is almost exclusively achieved by liquid chromatography coupled with inductively coupled plasma (ICP) -mass spectrometry (MS) and/or electrospray ionization MS as a detector. This approach consists of four main aspects: extraction, separation, detection and characterization (identification) (See Fig. 5 ).
Extraction
Ideally, extraction schemes should quantitatively release As from any sample matrix, preserve each species in an unaltered state, and use an extraction media that is compatible with the intended chromatographic method. In reality, compromise between these goals is necessary, and the extractable concentrations of As species are operationally defined. Due to the broad range of properties of As compounds, using a tailored approach for extracting each As species of interest has been suggested , but where speciation is complex, grouping As species into fractions based on their toxicity (eg. AB, AsSugars, iAs) may be more practical for high throughput monitoring . The inclusion of AsLipids in such an extraction scheme introduces the need for a sequential extraction, and the current lack of AsLipid data in seafood suggests this to be an important addition to current monitoring protocols.
The water soluble As compounds are frequently extracted with MeOH, H 2 O, or a mixture of both (Niegel and Matysik 2010) . However, recovery of As compounds by this method can be low for marine algae (Lai et al. 1998 , Madsen et al. 2000 , Kahn et al. 2005 and for oily or fatty fish having high proportions of non-polar arsenicals (Ciardullo et al. 2010 , Ruttens et al. 2014 . Mildly acidic extractions appear to give higher extraction efficiencies , Sadee et al. 2016 , but this is likely due to acid hydrolysis Taylor et al. Page 10 Sci Total Environ. Author manuscript; available in PMC 2018 February 15.
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Author Manuscript causing the release of degradation products from As compounds in the lipid and protein fractions. Acidic media can also lead to degradation of different AsSugars to a single riboside species (Gamble et al. 2002 . The same AsSugar degradation has been observed in basic extractions, along with riboside cleavage to form small amounts of DMA (Gamble et al. 2003) . High extraction efficiencies therefore, often need to be sacrificed in the interest of preserving species integrity, although reporting of "total AsSugar" may be sufficient for most monitoring needs .
Extraction of AsLipids has been achieved successfully using a number of approaches, often with mixtures of polar and non-polar organic solvents (Amayo et al. 2011 , Amayo et al. 2014 , Glabonjat et al. 2014 , Sele et al. 2015 . The AsLipids can be extracted effectively from fish using MeOH/dichloromethane (DCM) (Amayo et al. 2011 , Amayo et al. 2014 or MeOH/chloroform (Taleshi et al. 2010) mixtures, which recover the polar AsLipid species. For fish oil, samples have been partitioned by hexane/heptane and MeOH/MeOH:H 2 O , Taleshi et al. 2008 , Sele et al. 2013 , Sele et al. 2014 . Analysis of hexane extracts of fish oil is simplified by silica gel fractionation to remove As-free lipid interferences (Amayo et al. 2013 , Amayo et al. 2014 . For marine algae, MeOH/DCM extracts also required clean-up using silica gel to improve chromatographic separation (Glabonjat et al. 2014) .
Given the diversity of As species in seafood products, a single extraction is unlikely to be optimal over a range of sample matrices, or to extract all As species present with equal recovery . A 2-step procedure could maximize extraction of As species from most seafood sample types, combining a sequential aqueous extraction to extract polar species and a non-polar solvent to liberate AsLipids. Additional steps which are often applied to improve recoveries include heating, shaking, repeated extraction or sonication. With ICP-MS detection, organic extractants can affect the plasma, and evaporation may be necessary prior to analysis. Further consideration of the extraction scheme is compatibility with the mobile phase used in the chromatographic separation, which may require evaporation/dissolution or pH adjustment of the extract to match the mobile phase. Manipulations may also be applied to convert multiple As compounds to a single species to provide simpler chromatograms and spectra; for example, H 2 O 2 is used to convert As(III) to As(V), where it may elute as a single peak, and to oxidize thio-analogs of AsSugars to their oxo-forms (Schmeisser et al. 2004 ). Addition of H 2 S has also been applied to convert AsLipids to their thiol-analogs (Glabonjat et al. 2014) , which are more effectively separated by chromatography. Differing extraction efficiencies are often the cause of discrepancies between studies, and as such, known values for As speciation can be defined for a specific extraction method to provide a consistent measure for comparison between laboratories (van Elteren et al. 2007 ).
Separation
For seafood samples, a single chromatographic separation, even for the water soluble As species, is often insufficient to characterize all the species present. Separations based on anion exchange, cation exchange and reversed phase columns have all been shown to be useful, depending on the species present. 
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Author Manuscript HPLC method capable of separating 17 As species in seaweed and oysters (Kohlmeyer et al. 2002) . Sloth et al. also reported 23 peaks in cation exchange separations of clam kidney extracts, mostly comprising unidentified species (Sloth et al. 2003 ).
More realistic is the application of multiple separations. Anion and cation exchange methods can be used complementarily to separate a similar number of species while decreasing the likelihood of co-elution (Wuilloud et al. 2006 , Ciardullo et al. 2010 . DMA, MA, and four commonly occurring AsSugars are all separated using anion exchange columns, while cation exchange chromatography provides effective separations for AB, AC, DMA, TMAO, TETRA and DMAA (Madsen et al. 2000 , Sloth et al. 2003 . AsLipids require a third separation, usually with a C-8 (Glabonjat et al. 2014) or C-18 column (Amayo et al. 2011 , Sele et al. 2014 . Gas chromatography has also been applied to AsHC analysis, with both electron impact MS ) and ICP-MS (Sele et al. 2013 ) detection.
Detection
Of the four aspects of seafood As speciation discussed here, detection is the most straightforward: ICP-MS is the technique most widely used for detection of organic As species, due to compatibility with HPLC, excellent detection limits and linear range capable of quantitating low ng/L constituents as well as >1 mg/L-level AB in the same run. Specificity for As-containing compounds is extremely good, especially since the introduction of collision cells that use either He collision or O 2 reaction to reduce interference from ArCl + , the most significant interference at m/z 75 (As + ). Separations that involve mobile phases with high organic content (as is the case for AsLipids) can cause problems for the ICP in terms of plasma stability and carbon build-up on the cones, but these issues can be mitigated by adding oxygen to the plasma (Meermann and Kiesshauer 2011) . Changes in sensitivity associated with gradient elutions can also be diminished by addition of organic solvent to the sample flow (Ruiz-Chancho et al. 2012) among other approaches (described in (Sele et al. 2014) ).
Characterization
Electrospray -MS is often used to propose structures for unknown species observed in HPLC-ICP-MS chromatograms. Assigning structure to unknown compounds has been achieved by high resolution MS, an approach that has been applied to AsLipid characterization in multiple matrices )and refs therein) and AsSugars (Nischwitz et al. 2006) . Complete identification of As compounds requires synthesis and further characterization (NMR). This has been achieved for two of the AsSugar compounds (Traar et al. 2009 ) and the metabolites DMAE ) and DMAA (Francesconi et al. 1989) , and, recently, nine of the AsLipid compounds (4 AsHC and 5 AsFA) , Arroyo-Abad et al. 2016 ).
Standards and reference materials / interlab QA
The two most glaring needs for those performing As speciation analysis of seafood samples are commercially available As species standards and certified reference materials. Commercial standards allow for accurate quantification of species as well as preparation of QC samples such as fortified blanks and fortified analytical portions. Without standards for 
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Author Manuscript calibration, determining concentrations of species like AsSugars accurately is challenging. Commercially available organic As species standards (relevant to seafood analysis) are limited to MA, DMA, AB, AC, TMAO and TETRA. One approach for standard-less quantification is to assume that the ICP-MS response for As is independent of the type of As species; one can then use a commercially available As species to prepare the calibration curve to calculate the needed concentration. Although ICP-MS sensitivity has been shown to vary somewhat from species to species (Grotti et al. 2013) , this approach easily generates approximate values which are often sufficient-for-purpose. A more labor intensive (also more accurate) approach is to isolate individual species via fraction collection and determine the total As content in the fraction using a method that measures As without regard to the molecule it's incorporated into, such as instrumental neutron activation analysis (INAA), although the practicality of this approach is limited (Yu et al. 2015) .
Certified reference materials are critically important in method development, ensuring proper method performance and inter-laboratory data quality. There are at least 6 seafoodmatrix reference materials currently available that give values for at least one organic As species. Unfortunately, five of the six are only certified for AB (NMIJ CRM 7402-a, NMIJ 7403-a, DORM-4, TORT-3 and NIES-15), and BCR-627 is only certified for AB and DMA.
Although not seafood, NIST 2669 and 3669 are urine reference materials certified for MA, DMA, TMAO, AB and AC, and MA, DMA and AB, respectively. New releases are anticipated in the forms of candidate NIST SRM 3232 kelp, which was analyzed for DMA as well as three AsSugars: AsSugGly, AsSugPO 4 and AsSugSO 3 (Yu et al. 2015) , which uses a defined extraction procedure approach. NIST is also planning to generate values for As species in mussel SRM 1974 (AB and MA) and SRM 2986 geoduck (DMA and AB) (Yu et al. 2016 ).
The number of As species identified in marine organisms is well over fifty (Francesconi 2010) , and probably very much higher as a result of the large number of lipophilic As compounds reported in the last few years . Of these compounds, only 6 organic species are currently available commercially, and only 8 are represented in reference materials. Prospects for standards and reference materials for AsLipids are not as bright as for other species. For many As species (including both known and previously unidentified species), the most practical way to procure a supply for use as in-house standard may be to do fraction collection of the peak, concentrate, purify, and characterize by NMR and/or MS/MS.
The analytical difficulties associated with As speciation become apparent in round robin studies, where agreement between laboratories tends to be poor, particularly for seaweed samples where most laboratories overestimated the concentration of iAs in the presence of AsSugars, likely due to peak overlap or misidentification (de la Calle et al. 2012).
Considerably better agreement on As speciation in kelp was achieved in an inter-laboratory study where an extraction procedure was prescribed, despite differences in chromatographic methods ). 
Pre-systemic metabolism and bioavailability
Arsenic is primarily excreted in urine (Aposhian 1989) . The majority of absorption and metabolism data for As in seafood is therefore derived from feeding studies that investigated total As and urinary As species in mammals. These studies have clearly shown that Ascontaining compounds in seafood are absorbed through the gut and excreted in the urine. The metabolic pathways of organic arsenicals, however, have not yet been defined and specific sites of metabolism are unknown. The role of pre-systemic (ie. gut) vs systemic (liver, kidney) metabolism is a key knowledge gap, and further research is required to identify sources of inter-individual differences in As metabolism and excretion. Existing data have identified important differences in the absorption and metabolism of the organic As compounds, which will impact systemic exposure and potential biological effects. We compare bioaccessibility and metabolism of AsSugars, AB, AsLipids and their breakdown products, and highlight knowledge gaps that are critical for assessment of health effects of As exposure from seafood.
Arsenosugars
Unlike AB, AsSugars are metabolized and broken down to smaller compounds following retention in the body. Absorption and excretion of AsSugars (Le et al. 1994 , Francesconi et al. 2002 ) is much slower than for AB or AsLipids , and highly variable between individuals. In studies of a single consumption of seaweed (Le et al. 1994 , Ma and Le 1998 , Van Hulle et al. 2004 ), or pure AsSugar (Francesconi et al. 2002 ), several volunteers showed no increase or only a slight increase in urinary As concentrations, whereas others excreted up to 95% of the ingested As ). One study also repeated the consumption experiment with volunteers who had the lowest (4%) and highest (95%) recovery of the ingested As, and results were found to be consistent ). Possible explanations for the long retention times and variability in metabolism of AsSugars may be differences in metabolism by gut microflora, passage across the intestinal barrier, or transformation in the liver.
Insight into AsSugar metabolism has also come from studies of the seaweed-eating sheep from N. Scotland. Unlike the studies of human subjects which are based on a single consumption of seaweed, these sheep are chronically exposed to AsSugars, yet have a similar pattern of As excretion, where urinary concentrations peak about 20 h after ingestion (Hansen et al. 2003) . Urinary As concentrations were elevated in all 12 sheep in a seaweedfeeding study (Hansen et al. 2003) , providing no evidence of ovine "low and highexcretors". In the sheep, tissue As concentrations were not elevated to a high degree (Feldmann et al. 2000) , and only 4-20% of ingested As was found in feces, suggesting that most As is excreted in urine (Hansen et al. 2003) . Although this interpretation is very likely correct, it could not be confirmed owing to the difficulty in obtaining 24 h urine samples from the sheep. 
Arsenosugar metabolites detected in humans-
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Author Manuscript Van Hulle et al. 2004 ), but sites of transformation in the body are unclear. Additional metabolites in urine following AsSugar consumption have been identified as the oxo-and thio-analogs of DMAE and DMAA, and an unknown metabolite , all of which are thought to be intermediates in the conversion of AsSugars to DMA . Trace levels of AsSugars in both oxo-and thio-form, TMAO (Francesconi et al. 2002) and its sulfur analog TMAS, as well as thio-DMA have also been observed ). Interestingly, Raml and coauthors found that low-excretors of As primarily excreted intact AsSugars and DMA, whereas high-excretors produced mainly DMA (40-46%), thio-DMAA (15-19%), thio-DMAE (5-9%), and the thio-unknown (3-8%). These data suggest that different metabolic mechanisms occur pre vs. post uptake through the gut. Trace levels of AsSugars, as well as the thio-derivatives of DMAA and DMAE were also detected in blood serum of the high excretors, suggesting that these compounds formed in the gut or liver rather than in the kidneys or bladder ).
Bioaccessibility and pre-systemic metabolism of arsenosugars-A
handful of studies have employed in vitro methods to examine the potential for metabolism of AsSugars in the gut. When exposed to acid and mild heat, replicating gastric conditions, two AsSugar analogs (Gly, SO 3 ) underwent aglycone cleavage yielding a compound with m/z 254, with the As-riboside ring remaining intact (Gamble et al. 2002 , Van Hulle et al. 2004 ). The reaction proceeds slowly (1.4% per hour at 38°C) suggesting only minor conversion will occur during digestion, and was not observed in seaweed extracts under simulated gastric and intestinal conditions (Almela et al. 2005) , likely due to the short incubation times. Incubation of oxo-AsSug-SO 3 extracted from kelp with mouse cecal microflora at body temperature resulted in rapid conversion to the thiol analogs (Conklin et al. 2006 ). Breakdown of the riboside ring and formation of DMAE has been observed under reducing conditions; it has been proposed to proceed in the gut ), but such a process has not yet been observed.
Permeability of a suite of organic As compounds across the intestinal barrier using the Caco-2 cell model are summarized in Fig. 6 . In vitro studies in the Caco-2 cells found AsSugar-Gly and AsSugar-SO 3 had low intestinal permeability (1.7 and 4.8 %) compared to iAs (62%) . Permeability of thio-AsSugar-Gly was found to be twice as high as its oxo-analog, but still ~ 20 times lower than As(III) or AsLipids (Ebert et al. 2016) . The AsSugar metabolites, thio-DMA and thio-DMAE, were observed to have much higher permeabilities, similar to iAs , whereas oxo-DMAE and both oxo-and thio-DMAA had low transfer rates ). This suggests conversion in the gut plays an important role in AsSugar metabolism, leading to higher uptake of the metabolic intermediates. It is also noted that the Caco-2 model underestimates transfer via paracellular (between cell transfer) pathways, and underestimation of the uptake mechanisms of some species relative to intestinal cells in vivo cannot be ruled out .
Systemic metabolism of arsenosugars-While
there is evidence of AsSugar transformation to the thiol analog in the gut, this transformation has also been observed in the reducing environment of the liver. Thiol derivatives of AsSugars in kelp extract were produced from incubation with liver cytosol, but with no evidence of breakdown of the Asriboside ring ). However, conversion of AsSugars to DMA(V) were observed in HepG2 incubations. While only a small proportion (6 %) of thio-AsSug-Gly was broken down in vitro (Ebert et al. 2016) , the functionality of the cell line may be lower than liver cells in vivo, explaining the higher transformation seen in humans.
Arsenobetaine
As the first organic As compound identified in seafood, AB is the best-studied. AB is highly bioavailable; it is absorbed through the gut epithelium following consumption and rapidly excreted unchanged in urine (Cannon et al. 1981 , Vahter et al. 1983 , Kaise et al. 1985 , Francesconi 2010 . In vitro incubation of AB with gut microflora for 30 days demonstrated that AB could be broken down to DMA, DMAA and TMAO after 7 days by aerobic gut bacteria (Harrington et al. 2008 ). This study suggests microbes capable of degrading AB are present in the human gut, but the incubation time is much longer than realistic gut passage time, and this metabolic pathway has not been observed in vivo. Because ingested AB is immediately excreted unchanged (Kaise et al. 1985, Edmonds and Francesconi 1993) and no toxic effects have been associated with AB exposure (Kaise et al. 1985) , any metabolism that may occur is expected to be minor.
A handful of studies suggest that AB is formed in vivo or accumulated in the body and slowly released. Newcombe et al. found 3 out of 5 volunteers who adhered to a strict rice diet, which excluded seafood and other foods, excreted AB (Newcombe et al. 2010) ; in a feeding study where 38 individuals consumed a controlled seafood portion (cod, salmon, mussels), AB recovered in urine exceeded the ingested amount . Urinary AB was also measurable in 25% of individuals who reported no seafood consumption in the past year, based on NHANES data examining seafood consumption in the US population relative to urinary As excretion (Navas-Acien et al. 2011). However, all of these studies rely on diet restriction and self-reporting, which are prone to human error. Radiolabeled AB fed to human volunteers was found to be dispersed among soft tissues without any particular localization, and excretion of 99% of the As was complete after 24h (Brown et al. 1990) . A mechanism for AB formation in vivo has not been described.
Arsenolipids
Few studies have investigated bioaccessibility and metabolism of AsLipids. The limited existing data suggest that AsLipids are rapidly absorbed through the gut, but in contrast to AB, are metabolized before excretion. A study conducted with two volunteers who consumed cod liver oil, in which AsLipids accounted for 25-77% of the extracted arsenic, found that As was excreted in urine 6-15 h following consumption, and more than 85% of the consumed arsenic was excreted after two days ). Furthermore, As speciation analysis indicated strong metabolic breakdown; DMA(V) accounted for up to 70% of excreted As, and no intact AsLipids were identified in urine. Minor excreted compounds were water-soluble AsFA's with shorter hydrocarbon chains, namely oxo-and thio-derivatives of DMAPr as well as dimethylarsenobutanoic acid 
Author Manuscript
Author Manuscript (DMAB), with concentrations less than 5%, respectively ).
Bioaccessibility and metabolism of arsenolipids-While the site of AsLipid metabolism in vivo
has not yet been investigated, AsLipids are readily absorbed by cells in culture. In vitro assessment of intestinal bioaccessibility of AsHCs and AsFAs in a Caco-2
intestinal cell model indicated that AsHCs (AsHC 332, AsHC 360, AsHC 444) are intestinally bioavailable (up to 50% permeability) to humans . The AsHCs were transported essentially unchanged, with only trace amounts of thiol-and reduced As(III) analogs of these compounds observed on the blood-side of the barrier. Two AsFAs that were studied showed lower but still substantial intestinal bioavailability (up to 22 % permeability), and were efficiently biotransformed to polar As metabolites including DMA(V) while passing the in vitro intestinal barrier model . These As permeabilities were 2-5 times higher than AB or AsSugar permeabilities measured in the same Caco-2 system (summarized in Fig 6A) . Unlike water soluble As compounds, for which passage across the intestinal wall is thought to be mediated by aquaglyceroporin transport, AsHC's and AsFA's are thought to permeate by passive diffusion .
No studies were identified regarding the toxicokinetics of AsLipids in experimental animals. Nevertheless, two recent papers provide evidence that AsHCs are highly bioavailable to the fruit fly, Drosophila melanogaster , Niehoff et al. 2016 . In all developmental stages of the fruit fly (parental flies, larvae, pupae and flies of the F1 generation), As amounts were vastly higher after incubation with two hydrocarbons, AsHC 332 and AsHC 360, compared to a longer-chained hydrocarbon, AsHC 444 and As(III).
These data indicate that AsHCs, particularly those with shorter hydrocarbon chains and less lipophilicity, are able to accumulate highly in the body of the fruit flies .
In a follow-up paper, LA-ICP-MS was applied to assess the accumulation and distribution of arsenic in larvae and adult fruit flies of the F1 generation following administration of AsHC 332 and As(III) in feed (Niehoff et al. 2016) . Larvae fed with AsHC 332 showed an inhomogeneous distribution of As, where the high As regions constituted a five-fold enrichment compared to the fed concentration. Larvae fed with As(III) showed a fairly homogeneous distribution of As in the whole organism, which was three-fold less than the concentration consumed. Adult flies fed these compounds exhibited large differences in storage of As(III) and AsHC 332. The most important difference by far was that As was detected in the brain of the fly when they were administered AsHC 332, but not when the administered arsenical was As(III). Moreover, a combination of quantitative elemental imaging of As by LA-ICP-MS and molecular imaging by MALDI-MS revealed that AsHC 332 itself was accumulated in the brain of Drosophila melanogaster indicating the transport of the AsHC 332 across the blood-brain barrier.
Methylated As species and thiolated analogs
While numerous studies report methylated As species distribution in blood and urine as products of iAs metabolism, there is less focus on the absorption and fate of methylated As 
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Author Manuscript compounds from food. Methylated As species are a minor component of most seafoods; the most common methylated species, DMA, is largely unchanged in the body (Buchet et al. 1981) . Significant methylation of DMA to form TMAO occurs in rodents, but only traces of TMAO (3.5%) were observed in human urine following DMA ingestion, and breakdown of DMA to MMA or iAs has not been observed in vivo (Marafante et al. 1987) . By the Caco-2 cell model, transport of DMA and MA across the intestinal barrier was low relative to As(V) (3-11% MA(V); 4-6% DMA(V); 3-25% As(V) after 24h) (Calatayud et al. 2010 ). While Caco-2 cells model absorption in the large intestine where physiological pH is neutral to slightly basic, lower pH conditions, which are found in the stomach and small intestine, have been shown to significantly increase (4-8x) absorption of DMA and As(V) (Calatayud et al. 2010 ), suggesting absorption may occur at other sites. Paracellular transport was also suggested to be significant for both DMA and MMA (Calatayud et al. 2010) .
The formation of thioarsenical species from methylated As by gut microflora has been demonstrated in vitro, and is an important metabolic step because of the increased bioavailability and cytotoxicity of some of these intermediates. Conversion of oxo-to thioanalogs of DMA (Yoshida et al. 2003 , Kubachka et al. 2009 ) and MA (Rubin et al. 2014) have been observed from gut microbes, as well as during incubation of DMA with liver cells . Thio-DMA and TMAS were present in urine at dose dependent concentrations in rats that ingested DMA(V), but only in trace concentrations in rats treated with iAs, suggesting the gut is the major site of thiol formation (Adair et al. 2007 ), because iAs is metabolized in the liver. As discussed previously, thio-DMA and thio-DMAE crossed the intestinal barrier in the Caco-2 cell model much more readily than DMA(V) and oxo-DMAE ( Figure 4A ).
AC has a similar structure to AB, but is only present in very small quantities in seafood (Edmonds and Francesconi 1993) . Like AB, AC is efficiently absorbed from the gut in mice and rats, and rapidly excreted in urine; small amounts of consumed AC were retained in tissue in the forms of AB and AsPL (Marafante et al. 1984) . In vitro incubation of AC in liver cells resulted in biotransformation, with AB as the major product (Christakopoulos et al. 1988) . Bioabsorption of the minor species TMAO and TETRA were found to be higher than AB by Caco-2 cell model, with transport of 9-16% after 4h (Laparra et al. 2007 ).
Toxicity
A summary of the bioaccessibility and cytotoxicity (expressed as effect on cell number) of a suite of organic As species is presented in Fig. 6 . Of the four commonly identified AsSugars in seaweed, only two (AsSug-Gly (Sakurai et al. 1997 , Andrewes et al. 2004 ) and AsSug-SO 3 ) have been tested and show very low cytotoxicity compared to iAs. A trivalent derivative of AsSug-Gly, (DMA III -AsSug-Gly), showed significant cellular toxicity, (Andrewes et al. 2004 ) but this As species has never been observed in biological systems. AsSugars also display no genotoxicity (as measured by micronuclei induction), even at cytotoxic levels ). Slight cellular toxicity was observed for the thio-analog of AsSugar-Gly in liver (HepG2) and bladder (UROtsa) cells, expressed as decreased lysosomal integrity (UROtsa) and cell number (HepG2). The higher cytotoxicity of thio-AsSug-Gly compared to its oxo analog is likely due to higher 
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Author Manuscript cellular uptake, which is typical of thio vs. oxo pairs. However, cellular concentrations of thio-AsSugar-Gly only reached ~10-20 % relative to the incubation media concentration (Ebert et al. 2016) ; by contrast, iAs and AsHC's are pre-concentrated from the media by HepG2 . The only in vivo study of these compounds in mice administered very high doses of AsSugar-Gly for 40 days, which resulted in disrupted normal neurobehavior, decreased passive avoidance time and motor function, and caused dose-dependent DNA damage and oxidative stress in the blood and brain (Bin Sayeed et al. 2013) .
For the AsSugar metabolites, basic cytotoxicity screening has shown that the thio-and oxoanalogs of DMAE and DMAA have relatively low toxicity relative to that of DMA(V), despite high cellular uptake of the thio-derivatives . Recently, toxicity of the thio analog of DMA(V) has received much attention. Thio-DMA(V) has been observed as a product of both iAs (Raml et al. 2007 ) and AsSugar metabolism (Raml et al. 2006 ), and is suspected to have been misidentified as DMA(III) in urine in the earlier literature ). Substantial toxicity from this compound has been observed in skin, bladder, liver and lung cells, which is in part related to its high cellular bioavailability (Naranmandura et al. 2007 , Ochi et al. 2008 , Naranmandura et al. 2009 , Bartel et al. 2011 , Naranmandura et al. 2011 . Thio-DMA(V) has been shown to be a generator of reactive oxygen species in healthy cells (Naranmandura et al. 2007 , Naranmandura et al. 2009 , Naranmandura et al. 2011 , and to disrupt cellular stress response, even at picomolar levels, in cells that are oxidatively stressed ). Thio-DMA(V) showed no genotoxic mode of action in lung cells (Bartel et al. 2011 ), but DNA damage and changes in gene expression were observed in bladder cells exposed to this compound (Naranmandura et al. 2011) ; most recently a disturbance of the cellular damage response in DNA-damaged bladder cells was observed at sub-cytotoxic levels . Epigenetic effects from longterm exposure to thio-DMA(V) have also been observed at low picomolar levels (Unterberg et al. 2014) .
The toxicity of AsLipids in humans and experimental animals has to date not been characterized. In contrast to As(III), AsHCs caused developmental toxicity in the late developmental stages of Drosophila melanogaster. The compounds AsHC 332 and AsHC 360 in particular, but also AsHC 444, disturbed the hatching of the flies from pupae . Recently the cellular toxicity of AsHCs and AsFAs were examined in human liver (HepG2) and urothelial cells (UROtsa). In addition, the effects of three of the postulated major metabolites (DMA(V), DMAPr, and thio-DMAPr) were investigated in parallel as well as As(III), a toxic reference arsenical. The AsHCs exerted substantial cytotoxicity; effects were observed in the same concentration range as effects induced by As(III). In addition, those arsenicals showed a pronounced cellular bioavailability and data indicate their accumulation especially in the membranes of the cells. This might be attributed to the structural similarities of AsHCs with membrane lipids, especially fatty acids of phospholipids, which also have an amphiphilic character. Unlike As(III), AsHCs had an influence on the cellular energy level, especially by decreasing the cellular energy carrier ATP in liver cells . The cytotoxic potential of AsFAs was lower as compared to As(III) and AsHCs. Nevertheless significant cytotoxic effects were observed for AsFAs . Since two polar end members are characteristic for AsFAs, the interactions with cell membranes are probably less strong, which is reflected in their lower cellular bioavailability.
The metabolites, DMAPr and thio-DMAPr, showed no cytotoxic or genotoxic effects in the investigated concentration range up to 500 µM. Their cellular bioavailability was low, although as found for other thio-arsenicals, the thio-analogue showed higher bioavailability. So far no genotoxic potential has been identified for AsHCs and AsFAs, or for their metabolites DMAPr and thio-DMAPr. The exhibited cytotoxicity of AsLipids and their metabolites, however, provides impetus to better understand the distribution and breakdown of AsLipids in the body; currently there are no reports of pre-systemic metabolism in the gut, or of levels in the tissues and blood.
Due to a lack of toxicity and chronic exposure data for organic As species in humans or other mammals, health risks from organic As exposure are difficult to assess. Several studies have considered the potential cancer risk from the production of the metabolite DMA(V) (Borak and Hosgood 2007 , Chen et al. 2010 , based on high dose exposure studies in rats to DMA in water or diet (Arnold et al. 1999) ; there is, however, strong evidence that the rat model is not valid for human exposure to DMA, because rats absorb and metabolize As differently, and because these studies cannot evaluate the pathway to DMA (from iAs or organic As compounds) and the effects of intermediates (Cohen et al. 2006) . While no conclusions can be drawn on the effects of organic As, evidence of toxicity from AsLipid and organic As metabolites by in vitro testing establishes the need for animal and human population studies to evaluate potential health effects of seafood As.
Risks and recommendations to assess As exposure from seafood
It has been known for some time that fish are, to those who consume them, sources of a variety of environmental contaminants including mercury and persistent organic pollutants (EFSA 2015), but fish have been consumed by humans for centuries and are an important source of nutrition as well as part of the cultural traditions of many peoples. Fish are recognized as being an excellent source of protein, essential omega-3 fatty acids, and various vitamins (Domingo 2016) . It has been shown that fish consumption reduces mortality from coronary heart disease and confers neurological benefits on the offspring of women of childbearing age relative to those who do not eat fish (FAO/WHO 2011). There is a need to balance consumption benefits versus risks but very few of these have included As as a consideration (Sirot et al. 2012) , so much more work is required.
Arsenic is among a list of contaminants of emerging concern in seafood, for which there is insufficient data on levels in seafood for risk to be assessed (Vandermeersch et al. 2015) . Currently, risk associated with As from seafood can only be assessed based on the iAs component. Some seaweeds, where taxa largely determine As concentration, and some bivalves, where iAs concentration is linked with the location of harvest, have been identified as potential exposure risks for iAs. For organic As, an assessment of exposure risk is currently not feasible -there are simply far too few data on concentrations and distributions of different species in seafood, and there is an almost complete lack of toxicity data and human population studies. The data available, however, demonstrate high concentrations of organic As, present as a wide range of species, in seafood, and indicate metabolism and toxicity of some of these organic As compounds. Collectively, these preliminary results provide a compelling case for further research on these compounds.
This review has identified the following major gaps in our current knowledge and future needs to address the human health risk from organic As exposure:
1. more complete As speciation data is needed across seafood types, particularly for the AsLipids
2.
standards and reference materials for organic As compounds are crucial for filling the data gap 3. more advanced toxicity testing is necessary to assess the effects of organic As compounds and their metabolites 4. studies on metabolic pathways and individual variability, as well as the distribution of As compounds in the body, are required to examine the toxicokinetics of these compounds
5.
identification of biomarkers for As in seafood would be helpful both to detect possible confounders in studies of iAs metabolism and to track exposure of organic As.
The assessment of As in food is now being undertaken or being considered by many countries, and in some cases has already led to food regulations. These assessments have rightly focused on iAs because of its known toxicity, relevant data (from drinking water studies) on its epidemiology, and adequate datasets showing its distribution in foods. A full assessment of As in food, however, must consider organic As compounds in seafood, and this area remains a crucial missing link to understanding exposure and informing regulatory practices. We hope that this review combining the distribution of organic As species in seafood with analytical aspects and consumption and toxicity data will provide a valuable information source for researchers and regulators aiming to comprehensively assess human exposure to arsenic in food.
Highlights
seafood is a major source of organic arsenic exposure arsenolipids and arsenosugars can be metabolized by humans some organic arsenic compounds and their metabolites can produce cytotoxic effects analytical standards for organic arsenic are a priority for advancing research 
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Author Manuscript As compounds found in seafood. Estimated intake scenarios of As species from different seafood diets. A) Estimated distributions of As species found in different seafood types. Total As concentrations are based on mean concentrations from EFSA, 2009, plotted demersal vs. pelagic fish concentrations were estimated from the EFSA mean As concentration for fish and the ratio of mean As in demersal to pelagic fish from the Norwegian fish survey (Julshamn, 2012) ; proportions of As species are estimated from literature reports (see Section 2). The range of total As concentrations (5%-95% confidence limit) from EFSA, 2009, are given in brackets. 
B)
Seafood consumption by country based on FAOSTAT Food Consumption Database. Countries were chosen to provide a side distribution of dietary patterns, rather than to analyze a particular population. C) Hypothetical intake of As species based on estimated distributions of As compounds and seafood consumption data. Hypothetical intake of As species based on seafood consumption data for two populations (Japan and the USA), using estimated distributions of As compounds from median total As concentrations (EFSA, 2009) and distributions from the literature (Fig. 2a) , compared with the same diet but where Bluefin tuna having 50% AsLipid and 3.2 mg/kg As wet wt (converted from 5.9 mg/kg As dry weight, present as equal parts fat soluble and water soluble As reported by Taleshi et al., 2010 , assuming 80% water content) as the source of pelagic fish, or where mussels with elevated concentrations of iAs (42% of 13.8 mg/kg As wet wt reported by Sloth et al., 2008) were the source of bivalves. Comparative permeability, bioaccessability and effect on cell number for As species are summarized from previously published data Leffers et al., 2013a Leffers et al., , 2013b . A) Permeability of As species (apical to basolateral) after 48 hour apical incubation with Caco-2 cells. Permeability of As species was determined at the following concentrations: 1 µM iAs; 2.5 µM thio-DMA; 50 µM AsHC332, AsHC 360 and AsHC444; 100 µM thio-AsSugar-Gly, and 500 µM AB, AsSugar-Gly, AsSugar-SO 3 , oxo-DMA, thio-DMA, oxo-DMAE and thio-DMAE. Data represent percent applied apical concentration detected on basolateral side. B) Bioavailability of arsenic at 48 hours in UROTSA cells. Data are presented as percent of applied concentration detected in cells after 48h incubation. Concentrations of arsenic species applied are as follows: 1 µM AsHC332, AsHC 360, AsHC444, iAs and thio-DMA; 100 µM thio-AsSugar-Gly and DMA; and 500 µM AB, AsSugar-Gly, AsSug-SO 3 , oxo-DMA, thio-DMA, oxo-DMAE and thio-DMAE. C) Effect of As species on UROTSA cell number at 48 hours. Data are presented as 1/IC50 values, calculated from cell number data (minimum of 6 concentrations) fit with a Weibull (type 1) 3-parameter curve in R (DRC package). 
